In this study, a pilot scale anaerobic-anoxic-oxic (A 2 O) process with submerged membrane (MBR) in the oxic tank was coupled with thermophilic aerobic digestion (TAD) reactor and was operated for longer than 600 days to treat real domestic wastewater. Regardless of the varying conditions of the system, the A 2 O-MBR-TAD process removed MLSS, TCOD, BOD, TN, TP, and E. coli about 99%, 96%, 96%, 70%, 83%, and 99%, respectively. The additional TP removal of the system was due to the precipitating agent directly added in the oxic reactor, without which TP removal was about 56%. In the TAD reactor, receiving MLSS from the oxic tank (MBR), about 25% of TSS and VSS were solubilized during 2 days of retention. The effluent of the TAD reactor was recycled into the anoxic tank of A 2 O-MBR to provide organic carbon for denitrification and cryptic growth. By controlling the flowrate of wasting stream from the MBR, sludge production decreased to almost zero. From these results, it was concluded that the A 2 O-MBR-TAD process could be a reliable option for excellent effluent quality and near zero-sludge production.
INTRODUCTION
As effluent standards are becoming more stringent nowadays, more effective and efficient processes are needed to address underlying problems in wastewater management. Despite of its long history of use, activated sludge (AS) system is still considered to be the major process with easy operation in many large scale wastewater treatment plants. However, voluminous production of excess sludge has been regarded as its main disadvantage (Tchobanouglous et al. 2004) . The amount of excess sludge produced in AS system is considered to be one of the major causes for the high operational cost of the conventional wastewater treatment system (Liu 2003) . Although, traditional methods are still being practiced in the sewage sludge disposal like incineration, land filling, and agricultural reuse, these methods are not reliably safe for the environment. In Korea, ocean dumping has been widely applied covering about 73% of the sewage sludge generated in the year 2006 (Korean Ministry of Environment 2006) . To protect marine environment, sludge disposal into the ocean will be banned in the year 2011 (Korean Ministry of Environment 2006) .
In addition to the sludge management, the removal of nutrients from wastewater is also in need of special concern. Some of the known processes for biological nutrient removal (BNR) in wastewater include: the modified Ludzack-Ettinger process (MLE) or sometimes called the anoxic-oxic (A/O) process, anaerobic-anoxic-oxic (A 2 O) process, Bardenpho, University of Cape Town (UCT) process, PhoStrip, sequencing batch reactor (SBR), cyclic process or oxidation ditch, and many others (Tchobanouglous et al. 2004) . In particular, A 2 O system has been known for its capability to biologically remove both the nitrogen and phosphorus in wastewater with good settling of sludge, lower energy requirement and simple operation (Tchobanouglous et al. 2004) . However, this system is sometimes hampered by its limited nitrogen and phosphorus removal due to the recycle of nitrate from oxic tank into the anoxic or anaerobic zone.
The application of membrane bioreactor (MBR) for advanced wastewater treatment has been progressively gaining acceptance and popularity due to its high efficiency in organic waste degradation and solid retention. Furthermore, MBR shows its capability to remove both TN and TP by combining membrane technology with the conventional BNR systems (Ahn et al. 2003; Patel et al. 2005) . MBR is now described to sustain a higher effluent quality, less space, stronger disinfection capability, and higher volumetric loading (Adham et al. 2001; Wei et al. 2003 ) than conventional processes. It can also provide a longer sludge retention time (SRT) (Wei et al. 2003) , thus, maintains a higher sludge concentration in the system, enabling higher nutrient removal (Fan et al. 1996) and low sludge production (Wen et al. 2004) . Depending on the sludge age of the wastewater, sludge production is known to be reduced by about 28-68% in MBR (Xia et al. 2008) .
In relation to sludge reduction capabilities of the MBR system, a balance between biomass growth and decay should be maintained to provide stable sludge retention (van Houten & Eikelboom 1997) . Regulation of the influent organic loading (van Houten & Eikelboom 1997), F/M ratio (Chiemchaisri et al. 1992) , and sludge wasting (Rosenberger et al. 2002) are some of the key elements to maintain stable operation with minimal sludge production. Pollice et al. (2004) applied these strategies in the MBR system for more than 100 days without sludge withdrawal, and the sludge production obtained was only 0.12 g VSS/g COD removed , which was far lower than that of the conventional AS system.
Another extensively studied method of excess sludge reduction is based on disintegration of excess sludge and subsequent cryptic growth on the released cellular materials in the main treatment tank. Various chemical, physical, and biological methods have been developed for disintegrating excess sludge (Liu & Tay 2001; Wei et al. 2003; Pérez-Elvira et al. 2006) . One of the old physical methods is the thermal treatment. This method was applied in wastewater treatment plants back in '60 s and '70 s (Barlindhaug & Ødegaard 1996) , though this application had been discontinued due to additional organic loading to the main wastewater treatment system.
Recently, however, thermophilic aerobic digestion (TAD) has re-emerged as a means of sludge reduction and stabilization. Generally, TAD process is operated at a temperature range between 45 1C and 80 1C (Lapara & Alleman 1999) . Seemingly, the disadvantages of TAD process might include limited oxygen concentration in the full scale process, high aeration cost, equipment limitation, and the need to prevent evaporative cooling of TAD processes at high aeration rates (Ugwuanyi et al. 2005) . However, despite these disadvantages, TAD is beneficial because it can produce stable and hygienic sludge at a fast rate. Additionally, TAD is known to deactivate pathogenic microorganisms, remove odor, generate less sludge, and promote growth of heat resistant bacteria capable of wastewater biodegradation (Lapara & Alleman 1999) . It was found that Bacillus sp. was an actively growing species under the aerobic thermophilic condition and that both the thermal and proteinase activity were responsible for excess sludge solubilization (Sakai et al. 2000) .
The objective of this study was to achieve excess sludge minimization without damaging effluent quality by combining some of the methods mentioned above. For removal of organic materials, nitrogen, and phosphorus was chosen A 2 O process coupled with submerged membrane in the oxic tank. This A 2 O-MBR was expected to remove solids particles in the effluent but also retain microorganisms in the system so that excess sludge generation was reduced. In order to further reduce the excess sludge production, mixed liquor of the oxic tank (MBR) was aerobically digested in the TAD and recycled into the A 2 O system. To prevent phosphorus accumulation in the system, a chemical coagulant was added directly to the oxic tank of A 2 O. The selection and combination of the BNR process and sludge disintegration mechanism with MBR system was unique in its own. The established system was implemented at a pilot scale receiving real source of wastewater which made it different from most studies. This combined process (A 2 O-MBR-TAD) was also operated for longer than 600 days to treat real domestic wastewater.
METHODS

Wastewater source and characteristics
Pilot scale A 2 O-MBR-TAD system was installed in the Giheung Wastewater Treatment Plant, Korea. Domestic wastewater received by the main plant was used as an influent wastewater (Table 1) to the pilot plant system at the average rate of 2 m 3 /hr (Q in ).
Pilot-plant system description
The pilot plant was a conventional A 2 O system with submerged membrane module in the oxic tank and was coupled with a sludge solubilization reactor which was TAD ( Figure 1) . Approximately, the pilot plant had a total capacity of 21.5 m 3 including TAD. Incoming wastewater was introduced into the anaerobic tank with a total volume of 2 m 3 at an HRT of 1 hr. Next to the anaerobic tank was an anoxic tank with working volume of 6 m 3 operated at an HRT of 3 hrs. Both anaerobic and anoxic tanks were agitated at 60 rpm. The oxic tank had a working volume of 12 m 3 with 6-hr HRT. Submerged membrane in the oxic tank was a polyvinylidene difluoride (PVDF) membrane (Hyosung Co., Korea) with a pore size of 0.4 m and surface area of 1 m 2 , and a total of 160 plate sheets were installed. Water flux was maintained at around 17 L/m 2 h (LMH) and the suction pump was operated at a sequence of 10 min on, and 2 min off. Continuously stirred tank reactor (CSTR) type TAD was operated at a mild thermophilic condition of about 45-48 1C with a working volume of 1.5 m 3 and constant mixing at 120-130 rpm. The TAD was operated aerobically at an HRT of 2 days with the mixed liquor pumped from the oxic tank. TAD effluent was recycled back to the anoxic tank as a source of electron donor for denitrification. To obtain a higher nutrient removal, an internal recycle was also introduced between the anaerobic and anoxic tank (IR 1) and between the anoxic and oxic tanks (IR 2). Flow rates of IR1 and IR2 were 1 Q in and 3 Q in , respectively.
Pilot-plant operation was started on November 1, 2007 which was the beginning of the winter season. The period Run 1 (R1) wherein the system was operated without TAD continued from day 0 to day 45. TAD was then introduced into the A 2 O-MBR system during Run 2 (R2). In this period, the A 2 O-MBR coupled with TAD at 45 1C was operated for more than 2 months (day 46 to day 108). During the Run 3 (R3), temperature of TAD reactor was set at 48 1C. Beginning from R1 to R3 no sludge was wasted. Run 3 was a trial run for the application of the pilot plant system treating a highly concentrated wastewater with the complete retention of sludge. In this period (day 109 to 185), the initial MLSS concentration was almost tripled due to the accumulation of sludge. The MLSS of the MBR reached the concentration of 30,000 mg/L, which was initially set at about 10,000 mg/L. In order to lower the SS concentration, sludge wasting from the oxic tank at the rate of 0.5-1.2% Q in was started and continued in Run 4 (R4). Beginning from day 186 to day 623, operating conditions of the pilot plant was not changed in order to evaluate the sludge production and the wastewater treatment capability of the intended design of the system.
Phosphorus removal
Phosphorus precipitation was carried out during R3 and R4. In this period, ferrous sulfate heptahydrate (FeSO 4 7 H 2 O) was added into the oxic tank at the molar ratio (Fe/P) of 1.1-1.5, which was a little lower compared to a previous study (Banu et al. 2008) . The precipitate was returned to the anoxic tank together with TAD effluent or removed from the system by sludge wasting.
Analytical procedures
The reactors in the A 2 O-MBR-TAD system were constantly monitored for their DO, temperature, pH, and MBR transmembrane pressure (TMP). DO and pH was measured using YSI-58 DO meter and Orion-370 pH meter. TSS, VSS, and BOD of the influent and effluent were measured following the Standard Methods (APHA, 2005) while TCOD, SCOD, TN, TP, and NO 3 À -N were measured using HACH protocols. Additionally, the enumeration of E. coli was determined using the most probable number (MPN) technique while NH 4 þ -N and NO 2 À -N were measured using phenate and colorimetric methods (APHA, 2005), respectively. 
RESULTS AND DISCUSSION
Sludge reduction
In Figure 2 , the MLSS concentration in the anaerobic reactor after acclimation of the system was started at around 7,000 mg/L during R1, and the complete sludge retention was maintained from R1 to R3 in order to evaluate the sludge generation rate without sludge wasting. In MBR (oxic tank), the initial MLSS concentration of 8,000 mg/L increased to about 30,000 mg /L at the end of R3. During R4, sludge wasting from the oxic reactor was initiated to reduce the MLSS concentration of the system. The ratio of MLVSS to MLSS from R1 to R2 stayed at 0.75 without significant deviation. However, the ratio decreased by 4% in R3, which indicated that inert materials were accumulated in the system. In R4, the system was stably maintained until the system ceased. The MLVSS/MLSS ratio of R4 returned to the original value of R1 and R2, and MLSS concentration of MBR was stably maintained between 8,000 and 10,000 mg/L. During the entire period of operation, effluent SS concentration was almost zero with SS removal efficiency higher than 99%. In order to evaluate the sludge reduction capability of the system, the sludge production and yield in each run were calculated. Total mass (kg) of sludge of the system (MS) was the sum of the sludge concentration (in terms of kg VSS/m 3 ) in each bioreactor multiplied by their respective volume (m 3 ) as given in Equation 1:
where A, B, C, and D represent VSS concentrations of anaerobic, anoxic, oxic (MBR), and TAD reactor, respectively. For wasted sludge, sludge concentration of the MBR was multiplied by the wasting flowrate (Q WAS , kg VSS/hr). Daily sludge production (SP) was then obtained by subtracting MS on day d (MS d ) from MS on day d-1 (MS d-1 ) divided by the interval period (day) between sampling events (Equation 2).
To calculate sludge yield (Y sludge ), daily sludge production (SP) was divided by the COD consumption (kg) in the system (Equation 3).
In Figure 3 and Table 2 , the daily sludge production and sludge yield are given. The unstable performances between runs just showed the fluctuation brought by the different conditions experienced by the system. These were possibly due to the different wastewater loadings coming from domestic wastewater, different period of samplings, some operational problems, and varying reactor conditions (e.g. temperature, pH, DO, etc.) which affected the natural biodegradation capacity of the system. During R4, frequent technical problems were experienced, which caused to the highly dispersed data (Figure 3 ). The negative SPs were possibly due to wastewater dilution effect while the positive SPs were the result of accumulated sludge during unstable periods. Thus, in the calculation of its corresponding sludge yield (Table 2) , these outliers were not removed to simulate the actual situation in the plant. In both calculations, the earlier runs showed a much higher values compared to the later run of R4. The performance similarity of R2 and R3 indicated that the accumulation of inorganic matter causing inhibitory effects on the biodegradation of the system as observed from the low MLVSS to MLSS ratio during these runs. The initiation of sludge wasting on R4 provided a new environment for enhancing microbial activity especially in the oxic (MBR) reactor.
As presented in Table 2 , it was observed that R4 showed the lowest generation of sludge with Y sludge of -0.0074 kg VSS/kg COD consumed . The A 2 O-MBR system without sludge wasting during R1 showed a lower yield than those of R2 and R3. However, it should be noted that the accumulation of sludge brought the unsteady condition of the system. Also encountered during these periods were some technical problems such as pipe leaking and pump and heater malfunctioning, which resulted in the deviations of the microbial concentration. Microbial activity disturbance and washout might possibly occur during irregular operations. Another account was the climate transition which was directly related to temperature changes in wastewater. A shift in wastewater condition such as change in temperature may lead to the disruption of microbial activity in the system. However, it should be mentioned that TAD significantly decreased the sludge concentration. As shown in Table 3 , the TSS and VSS were reduced by more than 25%. Thus, it was concluded that the near-zero sludge production in the A 2 O-MBR-TAD system during the operation was the outcome of the additional reduction brought by the thermal and microbial degradation in the TAD process.
As shown in Table 3 , the overall TCOD, TSS, and VSS reduction reached to higher than 22%, 28%, and 26%, respectively, by the 2-day incubation at 45-48 1C in TAD. From the accounted SCOD data, it was shown that the solubilization reaction in the TAD released cellular substances into the aqueous phase. The reduction of TCOD was thought to be due to microbial consumption. TN, TP, NH 4 þ -N and other N-derivatives were also generated during the solubilization process in the TAD. A typical sludge yield coefficient for the activated sludge process ranges from 0.3-0.5 kg VSS/ kg COD (Tchobanouglous et al. 2004) . Likewise, in BNR process, typical yield observed were between 0.25-0.35 kg SS/kg COD (Kuba et al. 1993) . Table 4 shows survey results regarding the use of MBR in combination with known conventional BNR systems. Some of these were the works of Zhang et al. (2009) , Kim & Nakhla (2009) , Khor et al. (2006) , and Monti et al. (2006) . It is well known that the prolongation of SRT in MBR lowers the sludge yield (Khor et al. 2006) . This justifies the efficacy of MBR for excellent capability of removing solids but also reducing generation of excess sludge in the system. Moreover, from the study of , in MBR system with steady state MLSS of 10,000 mg/L and HRT of 6 hr, cake production were in the range of about 0.68 ton/day, with SRT of about 40 days and sludge yield of about 0.25 kg MLSS/kg COD. Similarly from the presented values by Yoon (2003) , the normalized disintegration rate at this condition was about 0.068/day in which the accounted F/M ratio was 0.8-0.9 kg COD/kg undamaged MLSSday. These observations were almost identical to the established MBR system while the additional TAD operation improved the minimization of sludge resulting in a lower sludge yield and production.
The recycling of disintegrated sludge into the main treatment stream has shown to exert a high impact on the total sludge reduction in the system. Known application that can be most probably applied in a wastewater treatment system where sludge solubilization is of great importance and to be combined with MBR operation are either one or in combination of physical (themolysis, microwave, sonication, and mechanical treatment), chemical (alkaline treatment, acid hydrolysis, ozonation, chlorination, and oxidation), and biological (enzyme digestion and anaerobic digestion) methods (Liu & Tay 2001; Wei et al. 2003 , Tchobanouglous et al. 2004 . For example, in the study of , it was found that the combination of MBR with ultrasonication for sludge disintegration and its recycling into the main treatment process generated no excess sludge. Also, Banu et al. (2009) , observed a similar output. These experiences indicate that excess sludge generation can be reduced by adopting MBR and further reduced by disintegrating and recycling excess sludge. The MBR effect is thought to be due to prolonged SRT, and the latter effect is relied on cryptic growth (Wei et al. 2003) . Thus, either using chemical, biological, or physical sludge disintegration techniques integrated with MBR can be an excellent combination for establishing a system with the least solids in effluent and wasting stream. Figure 4 shows the time-course variation of TCOD concentrations of the influent and effluent and removal efficiency during the whole period of operation. Fluctuations of the TCOD influent did not alter the effective removal of organic nutrient in the system. It was also observed that a constant removal was obtained regardless that different conditions were applied during the four runs. Influent containing around 200 to more than 300 mg TCOD/L was treated with a removal efficiency of above 96% and was discharged at 5-10 mg TCOD/L. As shown in Table 3 , SCOD level of MBR (TAD influent) was only around 35 mg SCOD/L. The low F/M ratio of 0.03-0.13 kg COD/kg MLSS during operation efficiently removed biodegradable matters in the system. In the study of Low & Chase (1999) , it was shown that the low F/M ratio was beneficial to obtain a good effluent quality due to the low biomass production. The BOD removal in the system also showed similar treatment efficiency (96% BOD removal) as of the COD removal. A typical BOD influent ranging from 175-200 mg/L was treated and discharged at below 6 mg BOD/L. Figure 5 Two of the important parameters of the A 2 O-MBR-TAD process for maintaining a safety level of the effluent were the concentrations of N and P because both nutrients were fixed as cellular materials released after sludge solubilization took place in TAD. In normal operation without FeSO 4 7H 2 O addition in R1 and R2, TP removal remained in the range of 50-62%. Exceptionally, low removal in R2 was due to environmental changes caused by the addition of the TAD reactor to the system, which suddenly increase the TP concentration (see Table 3 ).
COD removal
TP removal
By adding a precipitant (FeSO 4 H 2 O) into the oxic tank (MBR) in R3 and R4, TP removal reached above 84% with corresponding 26-40% increased in TP removal of the system. In previous study (Banu et al. 2008) , Fe/P molar ratio of 2.1 was found to be the optimum dose for achieving an effluent TP of below 1 mg/L. However, in our pilot-plant operation, molar ratios between 1.1-1.5 appeared satisfactory. The P was removed from the system either as P precipitates or as a part of biomass. These two forms of P were escaped from the plant along with waste stream. The inclusion of precipitated P in sludge during wasting provided the high P treatability of the system. Therefore, the 5-6 mg/L of P influent was discharged at less than 0.9 mg/L which was much lower compared to the 2-4 mg/L effluent TP for the uncoagulated sludge in R1 and R2.
TN removal
Influent TN was about 20-60 mg/L ( Figure 6 ), and any fluctuation caused by the incoming wastewater did not worsen the quality of the effluent wastewater. Neglecting the variations in each run, TN removal efficiency remained at higher than 70% with a discharge effluent value of 12-15 mg/L. It was assumed that TN removal efficiency could be further improved if exogenous carbon source was supplied to the system. This assumption was made because competition on the available soluble organic carbon could possibly occur between polyphosphate-accumulating organisms (PAOs) and denitrifiers, which lead to the low N-removal. However, in case of the nitrification process, it was observed (based on Table 3 ) that a complete nitrification was initiated as seen from the low NH 4 þ -N concentration measured in oxic reactor. The only limiting condition observed was the denitrification of the nitrified N-products. Although extra organic material was supplied from the TAD, the low organic loading enhanced the microbial activity of the system (low F/M ratio) and possible competition with PAOs were considered to affect the activity of the heterotrophic denitrifying microorganisms.
Bacteria removal
Domestic wastewater usually contains a large number of bacteria (Tchobanouglous et al. 2004) . Various methods such as chlorination, UV, ozone, etc. are adopted for disinfection in the conventional system (Tchobanouglous et al. 2004) . However, owing to microfiltration capability of MBR, an extra unit was not needed in A 2 O-MBR-TAD system. To evaluate bacteria removal efficiency, concentrations of E. coli in the influent and effluent were measured and shown in Figure 7 . As expected, the E. coli removal in the system was about 99% due to the excellent filterability of the MBR. Influent E. coli with more than 100,000 CFU/mL was removed thoroughly by membrane filtration.
In summary, Table 5 shows the corresponding average effluent characteristics and removal efficiencies of the A 2 O-MBR-TAD system during the more than 2 years of continuous operations.
Transmembrane pressure of MBR
It is known that fouling problem is usually encountered in operating an MBR in wastewater treatment processes (Tchobanouglous et al. 2004) . To prevent the membrane from fouling, precautionary methods such as feed water pretreatment, intermittent backwashing, and chemical cleaning are practiced (Tchobanouglous et al. 2004) . One of the methods to determine the threshold activity of MBR is to monitor its transmembrane pressure (TMP) during operation. As shown in Figure 8 , Run 1 to Run 3 showed no significant increase of TMP. However, on the start of Run 4, the TMP was dramatically changed. Normal operating TMP in MBR was between the ranges of 5-8 kPa. However, during day 370 to day 400, the TMP of the system increased to about four folds higher (20 kPa) than the normal operating pressure. To maintain proper operating conditions in the MBR, a chemical washing was carried out. To the rest of the periods in R4, there exhibited occasional rise in the TMP of the MBR. The uncontrolled accumulation of sludge during R1 to R3 might cause the shortening of the operating spans in MBR resulting in a frequent washing procedure during the late period of operation. In some references, MBR can retain a high concentration of solids. However, to prevent fouling, MLSS concentration should be optimally controlled in the range of 7.5-10.5 g/L (Rosenberger et al. 2002) . Thus, exceeding the required MLSS capacity of MBR can be detrimental because of the increase in sludge viscosity which can contribute to the fouling and deterioration of MBR membrane module.
CONCLUSIONS
A 2 O-MBR-TAD system treating real domestic wastewater showed excellent performances for sludge reduction and nutrient removal. Based on the effluent characteristics of the developed system, it was estimated that removal efficiencies of higher than 99% MLSS, 96% TCOD, 96% BOD, 70% TN, 56% TP without chemical precipitation and 83% with chemical precipitation, and 99% E. coli were obtained. The A 2 O-MBR system showed a considerable sludge reduction and treatment of wastewater in the system. The addition of TAD further improved the wastewater treatment efficacy especially in reducing the amount of sludge. The TAD reactor was able to reduce the TSS and VSS by more than 25%. Thus, the additional sludge reduction brought by the TAD resulted in the system with almost no sludge production. In the MBR, it did not show any performance irregularities for almost a year. However, the accumulation of sludge by almost 3-folds from R1 to R3 caused some operational problem in MBR during the late period of operation. Although, some technical problems were encountered in R4, the system was able to yield excellent effluent quality level. Generally, the developed A 2 O-MBR-TAD process did not only reduce the amount of sludge but also sustained a high quality effluent.
These observations provided us meaningful information on using a multi-component wastewater treatment technology in real applications. This showed that the developed system has the capability of yielding good quality effluent and less sludge production. Although, MBR fouling was encountered during operation, this can be lessened by maintaining a steady-state MLSS concentration in the MBR system. Overall, the A 2 O-MBR-TAD performed well during the long period of operation with excellent wastewater treatment capacities.
